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SCIENTIFIC REPORT

The work under this contract is being carried out on different fronts of a-neurotoxin function and
immunology, with the ultimate goal being the achievement of protection against toxin by synthetic toxin
peptides. In order to facilitate the organization of the data, the latter are subdivided into appropriate
sections.

A DETERMINATION OF THE REGION-TO-REGION CONTACTS IN ACETYLCHOUNE RECEPTOR-
BUNGAROTOXIN INTERACTIONS AND MODEUING OF THE RECEPTOR CAVITY.

Al. Introduction

The nicollnic acetylcholine receptor (AcChoR) eoffects postsynaptic neuromuscular transmission by
permitting ion flux across the cell membrane in response to binding of acetylcholine (1,2). The a-chain of
AcChoR contains the acetylcholine binding site(s) (3-5). The regulatory effect of acetylcholine is inhibited
by the binding of an a-neurotoxin to AcChoR. The toxin-binding site(s) also resides in the a-subunit of
AcChoR (6). Recent studies from this laboratory using synthetic uniform-sized overlapping peptides
encompassing the entire extracellular parts of the a-chain of human AcChoR and Torpedo AcChoR enabled
the localization of the full profile of the toxin binding regions on the Torpedo (7-9) and human (10) receptors.
Converssly, the binding sites for AcChoR on a-bungarotoxin (Bgt) were mapped by synthetic peptides
representing each of the Bgt loops (11,12).

In these investigations, we have developed a new approach for studying the details of protein-
protein recognition. Each of the active peptides of one protein is allowed to interact with each of the active
peptides of the other protein. Based on relative binding affinities of peptide-peptide interactions the position
of AcChoR peptides relative to the Bgt molecule was assessed. The receptor peptides were docked onto
the appropriate regions of Bgt, whose 3-D structure is known (13), by computer graphics and energy
minimization, thus allowing a three dimensional model to be constructed of the binding site cavity for the
toxin on human AcChoR.

A2 Body

A2.1.\\‘ Experimental Procedure it
T

. Synthesis, purification and characterization of the human AcChoR g-chain peptides have been
reported (10). The a-neurotoxin binding regions on human AcChoR reside (10)"in the peptides shown in
Fig. 1. These peptides were employed in the present work. The receptor-binding regions on Bgt are
present in the three loop peptides_shown in Fig. 1 (12). The synthesis, purification and eharacterization of
the manomeric forms of the threeﬁ‘cﬂc peptides (Fig. Df'have been described {12)> Bgt and its synthetic
peptides were labeled with iodine-125 using the chloramine-T method (14). Radioiodinated materials were
used Immediately §fter labeling. The specific acjtlvmes of the labeled peptides were: LIN, 3.1 x 107 cpm/p
mole; L2, 2.4 x 107 cpm/p mole; L3E, 2.1 x 107 cpm/p mole. .

The coupling of proteins and peptides to CNBr-activated Sepharese CL-4B was carried out under
optimum conditions as described previously (15). The binding of 1% {abeled Bgt or Bgt peptides to
adsorbents of the human AcChoR peptides was determined by a quantitative solid-phase radiometric
binding assay,{12,15,16). All titrations were carried out in PBS containing 0.1% bovine serum albumin. Non-
specific binding was determined by titrating equivalent volumes of uncoupled Sepharose and Sepharose
coupled to unrelated proteins (bovine serum albumin, hen lysozyme) and peptides [synthetic peptides of
myoglobin and a nonsens%?eptide (ESSGTGIESSGTGI) (15)) under identical conditions. Dissociation
constants of the binding of "“’I-abeled Bgt or its peptides to each of the receptor peptides were calculated
by Scatchard analysis (17) from titrations employing a fixed amount (10 ul) of adsorbent suspension (1:1,
vol/vol) in PBS/0.1% bovine serum atbumin and increasing amounts of labeled ligand (Fig. 2). The
quggﬁcity of the binding of the Bgt peptides was confirmed by their inhibitory activity towards the binding
of “’I-labeled Bgt to adsorbents of the receptor peptides.




For structural prediction algorithms, the computer program ALB (18) was employed. Standard
conditions (pH 7.0, ionic strength 0.15 M, dielectric constant 78.5 and temperature 300 K) were used to
predict the globular structure of the entire human AcChoR a chain from sequence information. The
secendary structures for the peptides were then chosen based on this calculation. Moael building was done
by the graphics program PSFRODO (19) on an Evans-Sutherland PS300 Graphics System connected to a
VAX 8550 computer. The conformations of the predicted peptide secondary structures were constructed
by replacing residues in similar peptides obtained from refined structures to match perfectly with the
composition of the targat peptides. The replaced residues were then regularized by using the REFINE option
in PSFRODO The resulting structures of the receptor peptides were docked with the appropriate loop(s)
in the refined Bgt structure (13). Initial docking was done to agree with the results of receptor peptide-
Bgt loop binding studies. Hydrogen bond and positive Van der Waal's interactions were then maximized.
Structural refinement of the receptor peptide segments was then accomplished by energy minimization,
using the computer program Yeti (20), while maintaining the X-ray coordinates for Bgt.

A2.2. Resuilts

125 The results of titrations of fixed amounts of human AcChoR peptide adsorbents with varying amounts
of "“"I-labeled Bgt or its active (i.e. receptor-binding) loop peptides are summarized in Fig. 2. It was found
that each of the receptor peptides 34-49, 100-115 and 122-138 bound more than one Bg! peptide.
Conversely, a given Bgt loop peptide bound to more than one receptor peptide. Thus, the receptor peptities
exhibited the following binding activities: peptide 34-49 bound Bgt and its peptide L2 and LIN; peptide 100-
115 bound Bgt and its peptides L2, L3E and LIN; peptide 122-138 bound Bgt and peptides L2 and LIN;
peptide 194-210 bound Bgt and effectively only peptide LIN. However, the affinities of the toxin pepqggs
that bound to a given AcChoR peptide differed. The dissociation constants (Kd) of the binding of "<’1-
labeled Bgt or its synthetic peptides to the AcChoR peptides are summarized in Table 1. In the binding to
the AcChoR peptide 34-49, the Kd value for the Bgt peptide L2 was about 7.3 times smaller than that of
peptide LIN and the Kd of Bgt was 6.5 times smaller than that of L2. In binding to the receptor peptide 100-
115, the Kd values were: Bgt < L2 = L3E < < LIN. For binding to AcChoR peptide 122-138 the Kd values
increased in the following order: Bgt < L2 < < LIN. Finally, only toxin peptide LIN (and of course Bgt itself)
bound to the AcChoR peptide 194-210.

The specificity of binding of the 1szxénthetic Bgt peptides to the AcChoR peptides was confirmed by
inhibition experiments. The binding of “"l-labeled Bgt to an adsorbent of a given AcChoR peptide was
inhibited by the appropriate Bgt loop peptide, or by an equimolar mixture of the relevant Bgt peptides (Fig.
3). The experiments showed that incubatip_p of inhibitor p_gptides with receptor peptides 34-49 and 100-
115for 4 hrs gave IC;, values of 8.0x 10 “and 1.5x 10 tyl respectively. When the inculg?tion time was
extended to 14 hrs, the I1C,, vaiues were improved to 5 x 10 "M for peptide 34-43 and 2 x 10" "M for peptide
100-115. The ICg, values of the peptides 122-138 and 194-210 were not improved by increasing the
incubation time from 4 hrs to 14 hrs. The appropriate optimum interaction time was, therefore, used for each
of the AcChoR peptides. Under these optimum conditions, the following inhibition resuits of Bgt binding
were obtained: binding to receptq; peptide 34-49 was inhibited completely by an equimolar mixture of Bgt
peptides LIN and l.; (IC50, 5 x 10 "M); to peptide 100-115 by an equimolar mixture of Bgt peptides L2 and
L3E (IC50, 2 x 10 "M) and to the peptide 122-138 by Bgt peptide L2 only (IC50, 2 x 10 éM). Finally, Bgt
binding to receptor peptide 194-210 was inhibited only by toxin peptide L3 (IC50, 5 x 10 °M). It should be
noted that an unrelated nonsense peptide, bovine serum albumin and hen _lxsozyme had no inhibitory effect
(Fig. 3) on this binding, even when employed at concentrations of 10 "M, thus further coniirming the
specificity of the interactions of the toxin peptides with the AcChoR peptides.

A23. Discussion

The recent mapping of the full profiles of the a-neurotoxin binding regions on the a-chains of
Torpedo californica (7-9) and human (10) AcChoR by synthetic overlapping peptides encompassing the
entire extracellular parts of each of these subunits revealed a complex toxin-binding site on each receptor.
The Torpedo receptor has five toxin-binding regions. In the human receptor, four of these regions retain
the ability to bind Bgt and cobratoxin while the binding activity of the fifth region (residing within residues
1-16) is lost because of adverse amino acid replacements (10). The four toxin-binding regions of human




AcChoR reside within, but do not necessarily include all of, the a-chain peptides 34-49, 100-115, 122-138

and 194-210. Previously. adsorbents of peptide 100-115 were found (10) t&!wave low capacity for Bgt

Exhaustive analysis carried out in the present work with several different "““l-labeled Bgt preparations
confirmed both the previously-reported (10) low binding activity of AcChoR peptide 100-115 and the profile
of the a-neurotoxin binding regions on the a-chain of human AcChoR. However, in spite of the low capacity
for Bgt of peptide 100-115 adsorbents, Bgt binds to peptide 100-115 with high affinity (Table 1). The binding
activity of peptide 100-115 was highly dependent on the labeled Bgt preparation. Perhaps, radioiodinations
may have resulted in varying degrees of modification on Bgt of residues that are essential for binding to the
receptor. Modification reactions that can occur during radioiodination of proteins by the chloramine-T
method have been reviewed (21). By sequence comparison of the a-chains of AcChoR from different
species, the a-neurotoxin binding regions were further narrowed down (10,22) to the following residues:

32-41, 100-110, 125-136, and 194-208. These assigned regions were used In the present structural prediction
and model building studies.

The AcChoR binding regions on Bgt have been recently mapped using synthetic peptides
corresponding to the various loops and most of the surface areas of the toxin (12). It was found that Bgt
has three main AcChoR-binding regions within the loop peptides (Fig. 1): LIN (residues 1-16), L2 (residues
26-41, with an antificial disulfide bond between the two ends of the peptide, see ref. 12) and L3E (residues
45-59).

The binding studies reported here between Bgt peptides and receptor peptides revealed that there
are extensive contacts between the two molecules. Each of the AcChoR peptides was bound to the intact
Bgt molecule with greater affinity than to any of its loop segments. One interpretation of this would imply
that the AcChoR segments have interactions with more than one loop. The major interaction would be with
the loop which displayed the higher affinity. Indeed, except for the Bgt loop L3E, each of the other Bgt
loops that participates in the binding makes contact with more than one peptide region on the receptor.
Conversely, each active AcChoR peptide, except for peptide 194-210, makes contact with more than one
Bgt loop. The relative importance of these contacts to complex formation has been ordered arbitrarily on
the basis of the binding affinities displayed by a given peptide towards the peptides of the other molecule
(Table 1). It is assumed that the greater the affinity (i.e., the smaller the Kd), the better the fit. Thus, from
Table 1, receptor peptide 34-49 would make better contact with Bgt peptide L2 than with LIN. Similarly, Bgt
peptide L2 interacts better with both receptor peptides 34-49 and 100-115 than with peptide 122-138.

Knowledge of the regions involved in the interactions between two protein molecules and cross-
binding studies between the correlate synthetic peptides should provide binding affinity data indicative of
specific interactions between the native molecules. In addition, if the three-dimensional structure of one
molecule is known, then the binding areas formed by the other molecule can be appropriately fitted to yield
a tentative three-dimensional description of its binding site. The 3-D structure of the Bgt molecule as
determined by X-ray crystaliography (13) displays surface features that can be utilized in combination with
peptide binding studies to construct a possible active site mode! for AcChoR

Before applying this approach to modeling the AcChoR binding cavity for Bgt, it was necessary to
test the approach on two interacting polypeptides both having known three-dimensional structures, i.e., the
a and B subunits of human adult Hb. Previously, using synthetic uniform-sized overlapping peptides
encompassing the entire Hb subunits, we have determined the regions involved in the a=8 subunit
interacting surfaces in solution (23) and compared them with those expected from the X-ray structure of Hb
(24). Four regions of the 8 chain of Hb (810-18, 825-32, 874-86 and §100-118), which bind to the Hb
a-chain in solution (23), were fitted by the approach described in the Methods section onto the appropriate
regions of the a-chain, using the known three-dimensional structure of the a-chain within the Hb molecule
(24). The calculated structures of the a-carbon backbone of the three f-chain regions (810-18, 825-32 and
100-118) were in good agreement with those expected for these regions from the known three-dimensional
structure of Hb (Figure 4). However, for the region 874-86, the calculated structure for the free peptide in
solution showed reversed polarity and very poor resembiance to the shape expected for this region within
the X-ray derived structure of Hb (Figure 4). This divergence could be due to the freedom of the peptide
in solution and might indeed reflect its true conformation when the free peptide is allowed to bind to the
a-chain of Hb. Also, it should be noted that the orientation of the side chains could not be reliably

determined by this method.




With this limiation in mind, the approach was employed to derive a tentative model for the three-
dimensional backbone structure of the Bgt-binding cavity on AcChoR. Based on affinity of binding
considerations, and with the knowledge of the X-ray coordinates of Bgt at 2.5A resolution (13), the AcChoR
binding peptides were fitted onto the appropriate regions of Bgt. While the modeled AcChoR structure is
not a unique solution, it represents an energetically favorable model that satisfies both the binding data and
structural constraints. The main interactions are summarized region by region in Fig. 5. The binding site
is shown in a stereo drawing in Fig. 6, with and without the Bgt backbone. The site comprises a deep
conical cavity (30.5A in depth), the dimensions of which are indicated in Fig. 6. The binding between Bgt
and AcChoR Involves several areas of contact on both molecules. It is important to point out that one of
these areas of contact on the receptor (region 125-136) resides in the acetylcholine binding site (25). Since
the affinity of a-neurotoxin to the receptor is several orders of magnitude higher than that of acetyicholine,
the binding of toxin will be expected to prevent that of acetylcholine (and thus disrupt receptor function)
completely, even in the presence of a large excess of the latter.

A3. Conclusions

In previous studies from this laboratory, the binding regions of a@-neuratoxins on human and torpedo
acetylchaline (AcCho) receptors and the binding regions for the receptor on the toxin were characterized
with synthetic peptides of the respective molecules. In the present work, peptides representing the active
regions of one molecule are each allowed to bind to each of the active region peptides of the other
molecule. Thus, the interaction of three a-bungarotoxin (Bgt) synthetic ioop peptides with four synthetic
peptides representing the toxin-binding regions on human acetyicholine receptor (AcChoR) permitted the
determination of the region-region interactions between a-bungarotoxin and the human receptor. Based
on the known three-dimensional structure of the toxin, the active peptides of the receptor were then
assembled to their appropriate toxin-contact regions by computer model building and energy minimization.
This allowed the three-dimensional construction of the toxin-binding cavity on human acetylcholine receptor.
The cavity appears to be conical, 30.5A in depth, involving several receptor regions which make contact with
the Bgt loop regions. One AcChoR region (within residues 125-136) involved in the binding to Bgt also
resides in a ki.own AcCho binding site, thus demonstrating in three dimensions a critical site invalved in both
AcCho activation and Bgt blocking. The validity of this approach was first established for 3 of 4 peptides
corresponding to regions on the B-chain of human hemoglobin involved in binding to the a-chain. Thus,
studying the interaction between peptides representing the binding regions of two protein molecules may
provide a novel approach in molecular recognition by which the binding site on one protein can be
described if the three-dimensional structure of the other protein is known.
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AS. Appendix

Tabie 1. Dissociation constants of the binding of 125 jabeled Bgt and its peptides to the human
AcChoR peptides.

Kd {M) of binding to human AcChoR peptides*

Labeled Peptide Peptide Peptide Peptide
ligan 34-49 100-11 122-138 194-21
Bgt 86x 10”7 47x107° 22x10°8 40x108
Peptides

LIN a1x107 23x107 1.0x 107 20x1077

L2 56x 108 6.2x 108 29x1077 +

L3E + 69x 108 + +

*Dissociation constants of the binding of 125) Jabeled Bagt or its active synthetic loop peptides to adsorbents
of each of the four active human AcChoR peptides were determined in the text.

+No binding is obtained between these two peptides.

-10-




A. SYNTHETIC PEPTIDES OF ACHR a-CHAIN WHICH ARE INVOLVED IN BINDING TO BGT

34 49
Peptide 34-49 G-L-Q-L~-1-Q-L-I-N-V-D-E-V~-D-Q-1(G)
100 115
bPoptide 100-11% F-A-I-V-K-E~-T-K-V-L~-L-Q-Y~-T-G~-1(G)
122 138
Peptide 122-138 A-I-F-K-S-Y-C-E-I-1-V-T-H-F-P-F-D(G)
194 210
Peptide 194-210 P-D-T=-P-Y-L-D-1-T-Y-H-F-V-M-Q-R-L(G)

B,  SYNTHETIC LOOP PEPTIDES OF BCT WHICH ARE TNVOLVED IN BINDING TO ACHR

3 16
L1N 1-V-C-H-T-T-A-T-1-P-S-S-A-V-T-C-(G)
| l
S S
26 41
L2 C-K-M-W-A-D-A-F-T-S-S-R-G-K-V-V-E-C-G(G)
|
S S
45 59
L3E A-A-T-C~P-S-K-K-P-Y-E-E-V-T-C-(G)
S S

FIG. 1. Covalent structures of the synthetic peptides employed in this work. (A) The peptides of the
AcChoR a-chain which are involved in binding to «-neurotoxins (10). (B) The peptides of the Bgt molecule,
which are involved in binding to AcChoR (11,12). Note that the disulfide bonds in LIN and L2 are antificial
(for details, see ref. 12). The binding areas on the AcChoR peptides have been assigned (10) to the
underlined regions 32-41, 100-110, 125-136 and 198-208. Note that the glycine residues in parentheses are

not part of the Bgt or the AcChoR sequences but the peptides were synthesized on a Gly-resin for
convenience.

S11-
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FIG. 2. Concentration-dependent binding of 123) Jabeled Bgt and its receptor-binding synthetic peptides to
each of the Bgt-binding peptides of human AcChoR. Fixed amounts (10 ul) of suspension (1:1, vol/vol) of
each AcChoR peptide adsorbent, were incubated with increasing amounts of 125 jabeled Bgt or its peptides
LIN, L2 and L3E at room temperature for 14 hours. The binding was done in a reaction volume of 40 pl in
0.01 M sodium phosphate buffer which was 0.15 M with respect to NaCl (PBS) and 0.1% with respect to
bovine serum albumin. After reaction, the adsorbents were washed four times with PBS, transferred to clean
tubes and their radioactivity counted on a Beckman 4000 gamma counter. (A) Binding to peptide 34-49;
(B) binding to peptide 100-115; (C) binding to peptide 122-138; (D) binding to peptide 194-210. &, LIN; ¢,
L2; v, L3t, @ Bgt.
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FIG. 3. Inhibition of the binding of '2I-labeled Bgt to AcChoR peptides by the synthetic Bgt peptides. Fixed
amounts (10 ul) of suspension (1:1 vol/vol) of each AcChoR peptide adsorbent were mixed with 10 ul 0.2%

bovine serum albumin in PBS (4°C, overnight). Aliquots (10 ul) containing increasing amounts ot the
appropriate unlabeled Bgt peptide (or controls) in PBS-0.1% bovine serurnglbumin were added qgld the
mixture incubated with gentle agitation at room temperature for four hours. I-labeled Bgt (2.5 x 10” cpm)
was then added and the binding reaction allowed to take place with gent.. agitation at room temperature
(4 hours for peptides 122-138 and 194-210, or 14 hours for peptide 34-49 and 100-115). The binding was
done in PBS-0.1% bovi : serum albumin in a final reaction volume of 40 ul. The adsorbents were then
washed and counted as described in Figure 2. (A) Inhibition of the binding of 125 Jabeled Bgt to peptide
34-49 by an equimolar mixture of Bgt peptides LIN and L2; (B) inhibition of Bgt binding to peptide 100-
115 by an equimolar mixture L2 and L3E; (C) inhibition of the binding to peptide 122-138 by peptide L2; (D)
inhibition of the binding to peptide 194-210 by peptide LIN. @, Inihibition by the Bgt peptides, O; control
inhibitors which included hen egg lysozyme and an unrelated nonsense peptide with amino acid sequence,
ESSGTGIESSGTGI.
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FIG. 4. Computer-graphic drawings of the calculated (heavy lines) a-carbon backbones of human hemo-
globin B-chain peptide regions §10-18, £25-32, §74-86 and 8100-118 [which have been shown to bind in
solution to intact a-chain of Hb (23)]. The B-chain regions were fitted by the approach described in the

Methods section onto the appropriate regions of the a chain using its known 3-D structure within Hb. The
calculated conformations are compared with those expected (thin lines) for these g-chain regions within

Hb, as obtained from the X-ray structure of the crystalline Hb tetramer.
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FIG. 5. A computer-graphics drawing of the e«-carbon backbones showing the association of the various
AcChoR regions (heavy lines) with the appropriate part(s) of the three-dimensional structure of Bgt. (A)
Receptor region 32-41 bound to Bgt loops LIN and L2; (B) receptor region 100-110 bound to Bgt loops L2
and L3E; (C) receptor region 125-136 bound to loop L2; (D) receptor region 198-208 bound to loop LIN.
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FIG. 6. A stereo drawing of a three-dimensional construction of the toxin-binding cavity in AcChoR, with the
Bgt molecule (backbone only) bound in the cavity (upper diagram), and without the Bgt molecule (lower

diagram). The somewhat conical cavity has the following dimensions: residues 100-10-136, 21.324,; residues

136-10-32, 35.01yAy; residues 32-t0-198, 16.06yAy; residues 198-t0-100, 22.13A. The depth of the cavity
is 30.48yA.
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B. THE SHORT NEUROTOXIN BINDING REGIONS ON THE a-CHAIN OF HUMAN AND TORPEDO
CALIFORNICA ACETYLCHOLINE RECEPTORS

B1. Introduction

The nicotinic acetyicholine receptor (AChR) plays a central role in postsynaptic neuromuscular
transmission by mediating ion flux across the cell membrane in response to binding of acetylcholine (1-
4). The binding of an a-neurotoxin to AChR blocks postsynaptic neuromuscular transmission by inhibiting
the channel-opening activity of acetylcholine (5-7). Snake venom postsynaptic neurotoxins form a large
family of homologous proteins, of which two subgroups, the long and short neurotoxins, are major
constituents (see Discussion). Bothlong and short neurotoxins are known to bind specifically to the a chain
of AChR In a compatitive mannaer with cholinergic ligands (8-10), but display differences In thelr assoclution
and dissociation kinetics. Identification of the binding sites on the toxins and the receptor should provide

a molecular explanation for the observed differences between the two toxin groups In thuir actions on
AChR.

By application of a comprehensive synthetic peptide strategy (11), we have recently reported the
localization of the full profile of the continuous binding regions for long a-neurotoxin on the extracellular part
(residues a1-210) of the «-chains of Torpedo (12,13) and human AChRs (14,15). In Torpedo AchR, the
binding-regions reside within (but may not include all of) residues a1-10, ¢32-49, «100-115, «122-138 and
2182-198. In human AChR, long neurotoxins bind to regions: «32-49, a100-115, a122-138 and a194-210.
In the present work, the two panels of Torpedo and human AChR synthetic overiapping peptides were
employed to localize short neurotoxin-binding regions on the extracellular part of « chains of both two
respective species of AChR. Comparison between the short and long neurotoxin-binding regions on AChR
revealuwd important differences in the AChR-toxin contacts, particularly with Torpedo AChR.

B82. Body
B2.1. Experimental Procedure

Cobrotoxin and erabutoxin b were prepared by Dr. Bruce Meade (Fort Detrick, Frederick, MD).
Cobrotoxin (Cot) was isolated from the venom of Formosan Cobra (Naja naja atra) as described (16,17).
Erabutoxin b (Eb) was prepared from the venom of Laticauda semifasciata by the procedure of Tamiya and
his co-workers (18). Crude venoms were obtained from Sigma Chemical Co. (St. Louis, MO, USA). The
preparations were monitored by polyacrylamide (15%) gel electrophoresis in SDS. The authenticity of the
pure toxin preparations was confirmed by their amino acid compositions and partial N-terminal sequence
analysis. The amino acid composition of each neurotoxin and the sequence of its first 15 amino acid
residues were in excellent agreement with those expected from its respective reported covalent structure
(17,19). The LD50 values (3 ug/28-30g mouse) were very similar to the reported values (18). a-
Bungarotoxin (Bgt) and cobratoxin (Cbt) were obtained from Miami Serpentarium Laboratories (Salt Lake
City, UT, USA).

The preparation of AChR from the electric organ tissue of Torpedo californica (Pacific Bio-Marine
Laboratories, Venire, CA, USA) was carried out as described elsewhere (20). The four-subunit composition
(a,8 6) of pure AChR and the binding activity of its a-chain were confirmed by SDS-PAGE and Western
blotting (21). Freshly prepared AChR had a Bgt-binding activity of 8.7-9.1 nmoles/mg AChR. The peptides
(Fig. 1), which corresponded to the extracellular part (residues 1-210) of the «-chains of Torpedo and human
AChR (22,23) were synthesized, purified and characterized as previously described (12,14).

The toxins were labeled with iodine-125 by using the chloramine-T method (24). Radioiodinated
mate{ials were used immediately af;er fabeling. The specific activities of the labeled toxins were: Cot, 2.5
X 10° cpm/p mol; and Eb, 3.3 X 10° cpm/p mol. The coupling of proteins and peptides to CNBr-activated
Sepharose CL-4B was carried out under optimum conditions as described (25). At least three preparations
of each adsorbent were studied. Protein and peptide contents of the adsorbents were determined by
duplicate amino acid analysis of acid hydrolysates. The adsorbents contained 0.8 + 0.1 mg/ml and 0.43
+ 0.04 mg/mil of packed volume, respectively.
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Quantitative adsorbent titrations were performed in phosphate-buffered szil;ne (0.15M-NaCl in 0.01
M-sodium phosphate buffer, pH 7.2) containing 0.1% BSA with fixed amounts of 13 1abelled toxin and va-
rious amounts of protein or peptide adsorbents. Titrations were also performed using fixed amounts (25
u!of 1:1 v/v, suspension) of each adsorbent with increasing amounts of 125 jabelled toxin. Binding studies
were done at room temperature for 16 hrs. with gentle rocking, afterwhich the tubes were washed four times
on the centrifuge with PBS and then counted on a gamma counter. The studies on each panel of peptides
were done three times, each in triplicate. Non-specific binding was determined by titrating, under identical
conditions, equivalent volumes of uncoupled Sepharose CL-4B and Sepharose adsorbents of unrelated pro-
teins (BSA, horse myogiobin) and synthetic peptides of similar size [sperm whale myoglobin synthetic
peptides 1-17, 25-41 and 121-137 (26)]. The specificity of binding 123 jabeled toxin to fixed amounts (5 ui,
packed volume) of peptide adsorbents was confirmed by inhibition studies using various amounts of
unlabeled toxin (13) as inhibitor. Unrelated proteins [BSA, myoglobin and the aforementioned myoglobin
synthetic peptides (Bixler and Atassi, 1983)] were used as control inhibitors.

B2.2. Results

The binding profiles of 123 Jabeled short neurotoxins to Torpedo AChR peptides are summarized
in Fig. 2. The results showed that the main binding activity for both neurotoxins, Cot and Eb, resided within
region «122-138. A lower binding activity was exhibited by the peptides «23-38/a34-49 overlap and a100-
115. Peptides «1-16 and «194-210 had low binding activity only with Cot and little or no activity with Eb.
On the other hand, peptide «45-60 showeq IPw, but significant binding activity to Eb, whereas its binding
to Cot was considerably lower. Finally, _short neurotoxins bound, as expected, to Torpedo AChR
(positive control), but not to any unrelated proteins and peptides (negative controls).

The finding here that the region a182-198 of Torpedo AChR did not show any significant binding to
short neurotoxins was unexpected in view of the fact that this constitutes a major binding region to long
neurotoxins (12,13,27). To further confirm this major difference in the binding site for long and short
neurotoxins on Torpedo AchR, quantitative radiometric titrations were carried out using a constant amount
of peptide adsorbents (25 ul, 1:1 v/v suspension in PBS) and increasing amounts of '3) Jabeled short (Cot
and Eb) or long (Bgt) neurotoxins. The peptide a122-138, which binds both long and short neurotoxins
equally well, was used as a positive control. The results (Fig. 3) showed that the long neurotoxin, Bgt,
bound to both peptides «122-138 and a182-198, clearly confirming that the binding activity of the peptide
a182-198 had not been destroyed in the present adsorbent preparation. This same preparation did not bind
the short neurotoxins Cot and Eb (Fig. 3), while peptide «122-138 was fully capable of binding these two
toxins. Finally, adsorbents of unrelated proteins and peptides did not bind any of these toxins, thus
confirming the specificity of the aforementioned binding results.

The binding results of the short neurotoxins to human AChR peptides are summarized in Fig. 4. The
main binding activity for both toxins resided within peptide a122-138. A lower binding activity was present
in the overlap «23-38/a34-49/445-60 and in peptide «194-210. Peptides «100-115 and «56-71 showed
strong and medium binding activities, respectively, to Eb, but low activity to Cot. Peptide «1-16 had a low
binding activity only with Cot and showed negligible binding to Eb. Finally, these two toxins did not bind
to unrelated proteins and peptide controls.

B2.3. Discussion

Venoms of snakes from the Elapidae and Hydrophiidae families possess proteins having very
pronounced pharmacotogical activities (28,29). Some members of this family are potent cytotoxins while
others are presynaptic or postsynaptic neurotoxins. The postsynaptic neurotoxins are divided into short and
long neurotoxins. Both classes of toxins are known to bind specifically (8-10,30) and tightly (31) to the
nicotinic acetylcholine receptor. This binding is, in a competitive manner, linked to the binding of cholinergic
ligands {one of which is the physiological native channel-opening molecule, acetylcholine). However, unlike
the cholinergic ligands, binding of neurotoxins to AChR does not lead to opening but rather to relatively
permanent closure of the channel. The extrer_rbely tight,_ﬂon-covalent association between receptor and
neurotoxins (dissociation constant range, 10 "M to 10 M) in comparison to that of acetyicholine (10

M) makes them useful tools with which to investigate the function of the neuromuscular synapse and its
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receptors.

Short and long neurotoxins have very similar dissoclation constants with AChR (32,33) (10 "’ 10 10°
" M) and LD, values (typically for mice, between 50 and 150 rg/kg). They differ chiefly in their rates of
association and dissociation from the receptor. Long neurotoxins generally associate and dissociate much

more slowly (31,32). These differing rates are reflections of major sequence differences between the two
types of toxins.

The primary structure of short neurotoxins is composed of 60, 61 or 62 amino acid residues all of
which are intramolecularly cross-linked by four disulfide bridges. One short neurotoxin, erabutoxin b, has
been crystallized and its X-ray structure has been determined (34-38). The disulfide bonds of this short
neurotoxin are localized at one end of the molecule and accordingly, produce a knotted structure with a
globular head and three protruding loops. The predominant secondary structural characteristic is 8-sheet
with g-turns located at the chaln reversals. Most of the invariant residues are either localized in the
immediate vicinity of the disulfide bridge in the globular head or are found toward the distal ends of the three
major loops. In contrast, the least conserved residues tend to be grouped across the top of the globular
head.

Long neurotoxins also have the four disulfide bridges of short neurotoxins but possess an additional
disulfide bond in the central loop of the molecule. In addition, apart from insertions and deletions within the
main chain itself, long neurotoxins have a longer polypeptide chain (between 65 and 74 residues) giving rise
to a characteristic C-terminal tail. The 3-D structures of two long neurotoxins (a-cobratoxin and a-
bungarotoxin) have been determined and the overall structure is highly similar to that of erabutoxin b (39).
Apparently, where there are differences in sequence or chain length, these alterations do not disrupt the
clustering of the disulfide bridges or the major loops. There are proportionately fewer conserved or invariant
residues in the long neurotoxins. However, there are marked similarities in and around the disulfide bridges
and in the loops. In long neurotoxins, the least conserved regions tend to be found in the C-terminal tail
and the first loop.

The application of a comprehensive synthetic approach, previously introduced in this laboratory
(11,40), enabled the mapping of the full profile of binding regions for long neurotoxins on the extracellular
part of the o chains of Torpedo californica (12,13) and human (14) AChR. Determination of the binding
regions for short neurotoxins on Torpedo and human AChR should, therefore, permit the comparison of the
binding regions for the two classes of toxin on a given AChR and provide a rationale for the differences in
their binding kinetics.

AChR of T. californica has five regions on its a subunit which are involved in the binding to long
neurotoxins (a-bungarotoxin and cobratoxin) (12,13,27). These regions reside within, but may not include
all of, residues a1-16, the overlap «23-38/234-49, a100-115, the overlap a122-138/a134-150, 2182-198. In
the human receptor the affinity to long neurotoxins is decreased, relative to Torpedo AChR. The binding
activities of peptides a1-16 and «182-198 are lost because of adverse amino acid replacements (Fig. 1) (14).
A low binding activity is retained by the human peptide «194-210. The main difference, however, in the
binding of long neurotoxins to the overlapping peptides of T. californica and human AChR, is the great
decrease in the contribution of peptide a182-198 to the binding of the human receptor. It has been found
41) thas Bgt binds to human and 7. californica AChR with the same forward rate constant (1.8 x 10°M

Sec "'). But there were remarkable differences in the dissociation of the toxin from human and T.
californica receptors. The dissociation time constant was 6 hrs for the human receptor from intact TE671
human medulloblastoma cells and 24 hrs for membrane-associated Torpedo receptor. The differences in
the reversibility of iong neurotoxins binding to Torpedo and human AChR must be due to the contribution
of region ®182-198 to binding in Torpedo AChR and the absence of this contribution in human AChR.

Binding studies with whole human AChR and short neurotoxins have not been performed.
Reversibility studies of neuromuscular blockade by long and short neurotoxins were done with species other
than human and Torpedo (33). With rat phrenic nerve preparations, the short neurotoxins Eb and Cot were
slowly reversible, while Bgt was not. Binding of Cot to the sciatic nerve sartorius muscle preparation of the
frog (Rana tigrina) was reversible, while that of Bgt was irreversible. This clearly indicates that the sequence
differences between short and long neurotoxins are reflected in their binding properties to AChR. In the
present work, the main difference in the binding of long and short neurotoxins to the overlapping peptides
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of T. californica AChR, lies in the behavior of peptide ®182-198. This peptide possessed the highest binding
activity of all the T. californica peptides for long neurotoxins, but showed little or no binding to shorn
neurotoxins. The inability of the region a182-198 in both human and Torpedo AChR to bind short
neurotoxins and in human AChR to bind long neurotoxins confirms the previous conclusions (14) that the
region a182-198 may not play a significant role in neuromuscular blockage. It may be concluded that the
differences in reversibility between long and short neurotoxins are due to the inability of short neurotoxins
to bind to the contact region within residues a182-198 of AChR. Thus, the participation, or otherwise, of

region a182-198 in the neurotoxin binding may explain the differences in the association and dissociation
rates between long and siort neurotoxins.

The AChR binding regions on Bgt were recently mapped using synthetic peptides corresponding
to the various loops and most of the surface areas of the toxin (42). It was found that Bgt has three AChR
binding regions within the loop peptides LIN, 1.2 and L3E (Fig. 5). Comparison of the loop sequences in the
short neurotoxins, Cot and Eb, with the corresponding regions in the long neurotoxins, Bgt and Cbt (Fig.
5), will help to explain some of the differences in their binding behaviors towards the region a182-198 of
Torpedo AChR. The consensus sequences exhibited several amino acid replacements within the three
loops, but loop LIN exhibited a much higher number of amino acid replacements than loops L2 and L3E.
This could indicate that loop LIN of the long neurotoxins is their main contact with region «182-198 of the
Torpedo AChR. Short neurotoxins are unable to bind to peptide a182-198 of Torpedo AChR probably
because of several adverse amino acid replacements in loop LIN (Fig. 5).

With the peptide panel of a given AChR, there were differences in the binding profiles of Cot and
Eb (Figures 2 and 4). The main difference was that peptide a1-16 in both receptors bound to Cot but not
to Eb. Sequence comparison of Cot and Eb showed several amino acid differences within the AChR-
binding loops (Fig. 5). These replacements may explain the slight differences in the binding profiles of the
two short neurotoxins. it should also be noted that some quantitative differences were observed between
human and Torpedo AChR peptides in the binding to a given short neurotoxin. For example, Cot showed
considerably lower binding to Torpedo peptide @45-60 than to the corresponding human peptide (Figures
2 and 4). This region has two amino acid replacements (Thr-51 -- Giu and Lys-57 -- Arg) in Torpedo AChR
relative to human receptor (Fig. 1). The decrease in binding is most likely due to the adverse effect resulting
from the creation of a negatively charged side chain at position 51. On the other hand, Eb showed lower
binding to Torpedo peptides to @34-49, a56-71, a100-115 and a194-210 than to the corresponding human
peptides (Figures 2 and 4). These differences are caused by the amino acid substitutions in these regions
(Fig. 1). The quantitative differences in the effects of these substitutions on the binding of the two short
neurotoxins should also be influenced by sequence differences between Eb and Cot (Fig. 5).

The Bgt-binding cavity on human AChR was recently derived from peptide-to-peptide binding studies
of the human receptor peptides and the aforementioned Bgt synthetic loops, followed by modeling (15).
The region @122-138, which is a main universal long neurotoxin binding region on AChR «a-chain from
various species (14}, forms a face (subsite) within the toxin-binding cavity. This region also carries essential
contact residues of the acetylicholine binding site (43). The present studies have shown that this region
possessed the highest binding activity to the short neurotoxins. Clearly, this region is the main universal
binding site for both long and short neurotoxins. it is important to note that the affinity of neurotoxins to the
receptor is several orders of magnitude higher than that of acetylcholine. Therefore, the binding of toxin will
be expected to prevent that of acetylcholine (and thus disrupt receptor function) completely, even in the
presence of a large excess of the latter.

83. Conclusions

The continuous regions for short neurotoxin-binding on the a-qh ins of Torpedo californica and
human acetylcholine receptors (AChR) were localized by reaction of %).labeled cobrotoxin (Cot) and
erabutoxin b (Eb) with synthetic overlapping peptides spanning the entire extracellular pan of the resp::ative

a chains. On Torpedo AChR, five Cot-binding regions were found to reside with peptides a1-16, a23-38/
a34-49 overlap, a100-115, ®122-138 and a194-210. The Eb-binding regions were localized within peptides
@23-38/a34-49/a45-60 overlap, @100-115 and a122-138. The main binding activity for both toxins resided
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within reglon a122-138. In previous studies, we had shown that the binding of long a-neurotoxins [a-
bungarotoxin (Bgt) and cobratoxin (Cbt)] involved the same regions on Torpedo ACHhR as well as an
additional region within residues a182-198. Thus region a182-198, which Is the strongest binding region for
long neurotoxins on Torpedo AChR, was not a binding region for short neurotoxins. On human AChR,
peptide a122-138 possessed the highest activity with both toxins and lower activity was found in the overlap
a23-38/a34-49/a45-60 and in peptide ®194-210. In addition, peptides @100-115 and a56-71 showed strong
and medium binding activities to Eb, but low activity to Cot, while peptide a1-16 exhibited low binding to

Cot and no binding to Eb. Comparison with previous studies indicated that, for human AChR, the binding
regions of shor and long neurotoxins were essentially the same. The finding that the reglon within residues

@122-138 of both human and Torpedo AChR possessed the highest binding site for long and short
neurotoxins on AChR from various specles.
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BS. Appendix

Peptide
al-16 Human SEHETRLVAKLFEKDYS
Torpedo = = = = = = = - N-LENS-N
al2-27 Human FKDYSSVVRPVEDHRQYQ
Torpedo LEN-NK-I~-~-~«~H-TH
a23-38 Human EDHRQVVEVTVGLQLI
Torpedo «H-THF-DI=-=-===+«-
al3q4-49 Human GLQLIQLINVDEVNQI
Torpedo = = = = = - — - § - == === -
a45-60 Human EVNQIVTTNVRLEKQQW
Torpedo = = = = - - E-=---- R~~~
a56-71 Human LKQQOQWVDYNLKWNPDD
Torpedo “-R~==1I-~VR=R=~== =} -
a67-82 Human WNPDDYGGVEKKIHIPS
Torpedo «-«~«A---=-JI-=-=RL -~ =~
a78-93 Human IHIPSEKIWRPDLVLY
Torpedo “RL=-==DDV=-L-=-=+=« =
a89-104 Human DLVLYNNADGDVPFAIVEK
Torpedo = = = = = « = = = - - - = =« H
al00-115 Human FAIVEKFTKVLLQYTGH
Torpedo -==-HHM--L--D=-=-~K
alll-126 Human QYTGHITWTPPAITFKS
Torpedo D===K~-M-=©=-=-u==«-
«l122-138 Human AIFKSYGETIIVTHFPPFD
Torpedo = = = = = = = = =« = = = =« = - - -
al34-150 Human HFPFDEQNGSMIKLGTWT
Torpedo = - - - - Q- - =--T - ==+« 1=--
al46-162 Human LGTWTYDGSVVAINPES
Torpedo -1 =-=--- TK=-S8S =8+« =
al58-174 Human INPESDQPDLSNPFMESG
Torpedo - 8~==-R-===T=== ==
¢l70-186 Human FMESGEWVIKESRGWIKH
Torpedo = = = = - - - - M-DY~==-=- -~
al82-198 Human RGWEKHSVTYSGGPDTEPY
Torpedo = = - = = W=Y-T=«e====-
al94-210 Human PDTPYLDITYHFVMQRL
Torpedo = = = = @ = = = = - - = I---1
a262-276 Human ELIPSTSSAVPLIGEK
Torpedo = = = = = = = = = = = = = « =

Fig. 1. Covalent structures of the synthetic overlapping peptides representing the extracellular part of each of the a
chains of human and Torpedo californica acetylcholine receptors. The upper sequences of each pair of peptides give
the full primary structures of the human AChR peptides and, under these, only the residues that are different in the
corresponding Torpedo peptides are given. Segments in bold type represent the 5-residue overlaps between consecutive
peptides.
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Fig. 2. Summary of the binding profiles of (upper panel) Cot and (lower panel) Eb to the synthetic
overlapping peptides of the extracellular part of the a chain of Torpedo AChR. The bars represent the
binding values to 25 ul of a 1:1 suspension (v/v) of each peptide adsorbent. Titrations were carried out in
triplicates in PBS containing 0.1% BSA. The reaction volume was 60 {4l and the amount of 123 jabeled toxin
added was 350,000 cpm/tube. After the reaction, the adsorbents were washed on the centrifuge four times
with PBS and their radioactivity was counted. Torpedo AChR was used as a positive control. The resuilts,
which represent the average of three experiments, each in triplicate, have been corrected for nonspecific
binding to unrelated proteins and peptides. The peptides were: 1, @1-16; 2, a12-27; 3, a23-38; 4, a34-
49: 5, ®45-60; 6, ®56-71; 7, a67-82; 8, @78-93; 9, ®89-104; 10, 100-115; 11, @111-126; 12, a122-138; 13,
a134-150; 14, a146-162; 15, a158-174; 16, @170-186; 17, a182-198; 18, a194-210 (12,14). The binding
values of 125Habeled Cot and Eb to T, californica AChR were 55,140 + 1,350 and 68,550 + 1,520 cpm,
respectively. Binding to unrelated proteins (BSA, horse myoglobin) and peptides [sperm whale myoglobin
synthetic peptides 1-17, 25-41 and 121-137 (26)] (negative controls) was 650 +220 cpm.
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Fig. 3. Comparison of the binding activities of 1% Jabeled (A) Bgt, (B) Cot and (C) Eb to peptides @) a122-
138 and (@) a chain of T1ozrsoedo AChR and to (O) the unrelated synthetic peptides given iin Fig. 2.

Increasing amounts of the "“’I-labeled toxins were added to a fixed volume (25 u, 1:1 v/v suspension in
PBS/0.1% BSA} of each peptide adsorbent. The experiments were carried out as described in Fig. 2 and
the text. Each experiment point represents the average of six replicate analyses which varied +2.4% or less.
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Fig. 4. Summary of the binding profiles of (upper panel) Cot and (lower panel) Eb to the synthetic
overlapping peptides of the extracellular part of the a chain of human AChR. The sequence positions of the

eighteen synthetic overlapping peptides of the a chain of human AChR and the assay conditions were as
described in Fig. 1.
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BS. Appendix

1 L1N 23
Bgt [TVCHTTAT IPSSAVTC|IPPGENL
Cbt IRCEF ITP DITSBKDCPNGH V
Eb RICENEQSSQPQTTKTCSPGESS
Cot L E|c|H|N|g|le s s QT P|r T|T G|[c s8|G|c E[T N
24 L2 45
Bgt CYR[KMWCDAFCSSRGKVVE|LGC
Cbt CYTKTWCDAFCSIRGKRVDLGEC
Eb c Y[H|K[Q]w s D @ RG[TTII|[ERGC
Cot CY!KEWRD RG|YRT|ERGC
46 L3E 68
Bgt [A2ATCPSKKPYEEVTC|CS8TDXKCNH
Cbt AATCPTVKTGVDIQCCSB8TDNCNTP
Eb GCPHVKPGIKLSCCESEVCNN
Cot G C P|S|V K[N|[G I|E I NJCC|T T DR[CNN
69 75
Bgt PPKRQPG
Cbt FPTREKRP

Fig. 5. Comparison of the consensus sequences of the short neurotoxins, Cot and Eb, and the long neuro-
toxins, Bgt and Cbt. Letters in bold denote differences between consensus sequences of long and short
neurotoxins. The boxed regions in Cot and Eb denote sequence differences between the two short neuro-
toxins. The shaded boxed parts in the Bgt structure indicate the regions of the AChR-binding loops which
were localized and confirmed by synthetic peptides (42).
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